Crystal-chemical approach provided the scientific basis for the design of new compounds with a desirable structure and properties. In the present investigation we generalized and systematized our and literature data on synthesis, structures, thermal and physical characteristics of double and more complex anhydrous phosphates containing M + and M 4+ cations (M + -H, NH 4 , Li, Na, K, Rb, Cs, Cu, Ag, Tl; M 4+ -Ti, Zr, Hf, U, Th, Np, Pu). In order to study the influence of M + and M 4+ cationic radii on the stability regions of different structural types, we investigated the phase formation in the M + -Li, Na, K, Rb, Cs; M 4+ -Ti, Zr, Hf) with smoothly varying compositions. The compounds and solid solutions were studied using an X-ray diffraction technique (using Rietveld method of structure refinement), electron microprobe analysis, IR-spectroscopy, adiabatic calorimetry (in the range 6 320 K) and differential scanning calorimetry (in the range 300 650 K).
Introduction
Progress in the solid state chemistry is largely associated with creating multicomponent chemical substances, developing new processes (including synthesis) and conditions of materials processing. Crystal-chemical data are the keynote for the design of new compounds with a desirable structure and properties.
Double and triple phosphates of alkali (or other monovalent) and d(f)-elements are of interest for the purpose of creating new practically useful materials. Some of these substances are characterized by framework structures with {[L 2 (PO 4 ) 3 ] p-} 3 frameworks (L is an octahedrally coordinated cation). Such compounds are considered as hi-tech ceramics basis due to their stability in the extreme environmental conditions (high temperature and pressure, aggressive media, radiation), near-zero thermal expansion parameters, high ionic conductivity, catalytic activity [1] .
The structural frameworks of the considered complex phosphates are formed by L 2 (PO 4 ) 3 fragments from corner-shared two LO 6 -octahedra and three PO 4 -tetrahedra. Different linking variants of L 2 (PO 4 ) 3 fragments lead to several structural types of the phosphates (Fig. 1) . The structural types of NaZr 2 (PO 4 ) 3 (NZP/NASICON, mineral analog is kosnarite KZr 2 (PO 4 ) 3 , sp. gr. R3 c), Sc 2 (WO 4 ) 3 (SW, sp. gr. P2 1 /n), K 2 Mg 2 (SO 4 ) 3 (langbeinite, sp. gr. P2 1 3) are well-known [2] [3] [4] .
The NZP structure has two types of framework cavity sites: M1, surrounded by six nearest O atoms, and M2, surrounded by eight nearest O atoms (Fig. 1a) . Structure-forming L cations with mainly covalent metal-oxygen bonds usually have medium ionic radii (about 0.6…0.8 Å) and high oxidation degrees (+5…+3), and M sites are preferably occupied by cations with larger sizes and oxidation degrees +1 and +2, but on the whole all structural sites may be occupied by a wide variety of different cations.
The SW structure has several (depending on structure deformation) M-sites, surrounded by four-five nearest O atoms, in the framework cavities. The sizes of the cavity cations are usually smaller than those in the case of NZP structure and just slightly larger than the framework cation sizes.
The langbeinite structure contains two types of M interstitial positions surrounded by nine O atoms. So this structure is typical of the phosphates containing large cations (more than 1.5 Å) with low oxidation degrees (+1 and +2) in the cavity sites.
Thus, the realization of the given structural type depends on the nature (electron arrangement, radii, charges) of cations which form a substance, their ratio and occupation of structural positions. The unique NZP network structure enables a variety of chemical iso-and heterovalent substitutions in the framework as well as at the interstitial sites enclosed by the framework. + -Li, Na, K, Rb, Cs; M 4+ -Ti, Zr, Hf). The phosphates were studied using an X-ray diffraction technique (using Rietveld method of structure refinement), electron microprobe analysis, IRspectroscopy, adiabatic vacuum and differential scanning calorimetry.
Experimental
Theoretical generalization of literature data on complex phosphates was performed according to crystal chemical approach.
The In accordance with precipitating method the aqueous solutions of the starting reactants were mixed under continuous stirring, then the reaction mixture was dried at 363 K and thermally processed in unconfirmed air access at 873, 1073 and 1173 K for at least 24 h at each stage. Thermal stages were alternated with careful grinding. According to solid-state method, a fine mixture of the stoichiometric amounts of the reactants was dried at 473 K for 10-16 h, then thermally processed in unconfirmed air access at 873 K and 1073-1473 K with a step interval of 100 K for at least 24 h at each stage.
The obtained samples were white polycrystalline powders. Their chemical composition and homogeneity were checked with the aid of a CamScan MV-2300 microprobe with a Link INCA ENERGY 200C energy-dispersion detector. The uncertainty of the chemical composition determination was within 2.5 % mass.
Phase purity was established by powder X-ray diffraction (XRD) at Shimadzu XRD-6000 diffractometer (CuK radiation). Unit cell parameters of the compounds were determined at room temperature from the corresponding diffraction patterns indexed within 2 range 10-60 . The data for the structure refinement were collected between 2 5-110 with a step interval of 0.02 . Structure refinements were performed by the Rietveld method with Rietan-97 [5] and JANA2000 program [6] .
The functional composition of the samples was confirmed by IR spectroscopy on a Shimadzu FTIR 8400S spectrometer within the range of 1400-400 cm -1 . Heat capacity of some phosphates was studied in the range 6-320 K (BCT-3 calorimeter [7] ) and 300-650 K (ADCTTB calorimeter) [8] . Thermal conductivity of some ceramic samples was measured in the range 298-673 K (IT--400 device) [9] . The structure of known double and triple phosphates containing M + and M 4+ cations depends on a combination of factors. Crystal-chemical analysis showed that the main structure-forming factors for complex phosphates are the geometrical proportionality of M + and M 4+ ionic sizes and cation molar ratios. Synthesis by precipitating method may be performed in aqueous solutions or organic media (Pechini method). Its advantages are synthesis procedure simplicity, high composition control and powder particle size, a short time and low temperature of thermal treatment. The method of crystallization in aqueous solutions becomes more universal if high pressures are used (hydrothermal method), but this procedure requires the determination of optimal synthesis conditions (reagents ratio, temperature, pressure).
Phosphates with molar ratio M
Synthesis in melts of alkali chlorids or boron oxide allows us to obtain single crystals of the samples, but it requires a long drying and the cleaning of the obtained phosphates and using of high temperatures.
Structural data analysis showed that the main structural feature of M + M p-} 3 frameworks (NZP, scandium tungstate or langbeinite). Symmetry relationships [1] between the structures of such substances are shown in Fig. 2 . The most symmetric space group R3 c is in the center of the diagram. The NaZr 2 (PO 4 ) 3 and KZr 2 (PO 4 ) 3 representatives of the NZP family crystallize in this space group. The subgroups of R 3 c are situated higher. Lower symmetry of the structure is connected with insignificant distortion of framework as a result of including different atoms in framework and cavity sites. The space groups of the phosphates, which frameworks are built from the fragments of two L-octahedra and three P-tetrahedra, connected by another way than in NZP, are situated lower in the diagram. (Table 1 ). Many representatives of the phosphates belong to NZP structure with trigonal symmetry. The comparison of X-ray diffraction results show the correlation between metal cations radio and unit cell parameters a and c. The occupation of M1 sites by large ions leads an increase in c parameter (Fig. 1) . The process is connected with the deformation of PO 4 tetrahedra (an increase in --angle and decrease in distance between parallel columns), so a parameter reduces. (Fig. 3, a) . IR spectra gradually change with the smooth change of phosphates compositions (Fig. 3, b) . Structural investigation by the Rietveld method revealed that alkali metals cations in the Na 0. 5 (Table 1 ). An increase in temperature up to 1773 1873 K leads to their polymorphic transitions with NZP structure formation. U, Np and Pu-containing compounds with M + Rb crystallize in NZP structure. Compounds LiPu 2 (PO 4 ) 3 NaU 2 (PO 4 ) 3 are not described in NZP modifications. (Table 3 ). Such substances may have different polymorphic modifications depending on synthesis conditions. 

Properties of complex phosphates with framework structures
Many complex phosphates may be used as high-technological ceramics with ultra-low thermal expansion, thermally stable and thermo-insulating materials and etc [1] . As the knowledge of thermophysical properties is necessary regardless of the field of substances practical using, we have studied heat capacity and heat conductivity of the representatives of NZP phosphates [31, 32] .
Heat capacity of the NaM 4+ 2 (PO 4 ) 3 and Na 5 M 4+ (PO 4 ) 3 (M 4+ -Ti, Zr, Hf) compounds was measured in the temperature range 6-650 K. Heat capacity of the phosphates increases over the entire temperature range studied (Fig. 4) . On the whole, for NZP phosphates of different compositions it amounts to 0.5-1.2 J/(g K) at 273-650 K and varies a little at T > 500 K. Heat capacity increases in the rows NaM The approximated thermal conductivity values of the near-zero porosity of NZP ceramics samples at above temperature interval are (0.6-1.4 Wt/(m·K). It is important that on the whole NZP ceramics have lower heat conductivity than industrial stabilized zirconia, which is the main ceramic-forming component of widely applied thermal-resistant materials.
Conclusion
The presented investigation reflects the extension of the range of objects and crystal structures of complex phosphates containing M + and M 4+ cations. The comparison of these compounds shows the similarity of formal features (composition, simple structural polyhedra) and allows us to identify some structural regularities depending on the size factor (cation ionic radii), cation nature, water molecule presence and etc.
The 
